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Fig. 2
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Fig. 3

rearea mart

Vertical temperature profile in the fluidized bed reactor
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Fig., 5
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COMPOSITIONAL ANALYSIS OF A GAS OR
GAS STREAM IN A CHEMICAL REACTOR
AND METHOD FOR PREPARING

CHLOROSILANES IN A FLUIDIZED BED
REACTOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s the U.S. National Phase of PCT Appln.
No. PCT/EP2014/062676 filed Jun. 17, 2014, which claims
priority to German Application No. 10 2013 212 908.4 filed
Jul. 2, 2013, the disclosures of which are incorporated 1n
their entirety by reference herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The subject matter of the invention pertains to a method
for analyzing the composition of a gas or gas stream 1n a
chemical reactor. The invention pertains more particularly to
the application of such a method to gases or gas streams
which arise during the production of chlorosilanes and
organochlorosilanes, and to a method for preparing chlo-
rosilanes 1n a fluidized bed reactor.

2. Description of the Related Art

The preparation of trichlorosilane (TCS) 1s accomplished
by reaction of metallurgical silicon (mg-S1) with HCI or by
reaction of mg-S1 with silicon tetrachloride (STC) and
hydrogen and/or HCl. Methylchlorosilanes are prepared by
reaction of mg-S1 with methylchlonide.

U.S. Pat. No. 4,092,446 A discloses a reactor in which a
stream ol hydrogen chloride 1s passed through a silicon bed

consisting of silicon particles. The hydrogen chlornide reacts
with the silicon particles to form silicon tetrachloride (STC)
and TCS and hydrogen.

For the economic optimization of chlorosilane syntheses
in terms of the yields of the respective target products, the
analysis of the gaseous reaction products 1s of great impor-
tance.

For example, the reaction of mg-S1 with HCI leads to a
product spectrum encompassing the principle product TCS
(>80%), byproducts such as STC (<20%) and dichlorosilane
(DCS) (<2%), plus various trace impurities. Moreover, the
reaction gas also comprises H, and unreacted HCI.

The objective of the TCS synthesis 1s usually for a
maximum TCS yield 1n conjunction with complete or near-
complete HC1 conversion, since recovery of the HCI from
the reaction oflgas leads to additional costs.

US 2012189526 Al discloses a method for preparing
trichlorosilane by reacting silicon particles with tetrachlo-
rosilane and hydrogen, and optionally with hydrogen chlo-
ride, 1n a flmdized bed reactor to give a trichlorosilane-
containing product gas stream, the fluidized bed reactor
having at least one inlet for tetrachlorosilane and hydrogen
and also, optionally, for hydrogen chloride, at least one inlet
for the silicon particles which form a fluidized bed with the
tetrachlorosilane and hydrogen, and at least one outlet for
the trichlorosilane-containing product gas stream, this outlet
being preceded by at least one particle separator which
selectively allows the passage only of silicon particles up to
a certain maximum particle size, the characteristic feature
being that silicon particles are discharged from the reactor
via at least one further outlet without such a particle sepa-
rator, continuously or at regular time 1ntervals.

US 20110297884 Al describes how a plurality of tem-
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2

vertically 1in the reactor are suitable for monitoring the time
profile of the temperature changes in the reactor.
The reactor, however, 1s controlled using only one of these

temperature measurement points, which lies at the upper end
of the fluidized bed.

Within defined limits, a particular temperature 1s consid-
ered advantageous as a control variable under the selected
operating conditions.

A variety of methods are described 1n the literature for
increasing the TCS vield.

Besides compliance with particular reaction conditions,
such as the quenching of the reaction gas, for example,
catalysts are frequently employed in these methods. An
increase 1n the HCI conversion 1s achievable, for example,
through an increase 1n the temperature and the addition of
catalysts.

A problem here 1s that measures for increasing the HCI
conversion frequently entail a reduction 1n the TCS selec-
tivity (e.g., temperature rise), or vice versa (quench,
improved cooling).

In practice, therefore, 1t 1s diflicult at the same time to
bring about the optimum reaction conditions for TCS selec-
tivity and for HCI conversion.

Even optimum operating conditions, once set, undergo
change over the course of the reaction time. In the course of
continuously operated TCS synthesis, the reactor accumu-
lates impurities and also, possibly, catalytically active con-
stituents, which adversely affect both TCS selectivity and
HCI conversion.

It 1s therefore necessary to remove these impurities from
the reactor regularly. This as well induces fluctuations in the
TCS selectivity and 1n the HCI conversion.

In the reaction of metallurgical silicon (mg-S1) and HCI to
give TCS (HS1Cly), hydrogen and byproducts are formed:

S1+3 HCI=HS1Cl;+H>+byproducts (1)

The amount of the byproducts formed 1n the reaction (1)
and hence the TCS selectivity, defined as mole fraction
TCS/(TCS+byproducts), 1s mfluenced by a number of fac-
tors, including the catalytic eflect of impurities (accompa-
nying elements) in the mg-S1 used.

It 1s known that impurities 1n mg-S1 or addition of a
catalyst to mg-S1 may influence the selectivity of the reac-
tion. Certain impurities have a positive influence, hence
raising the selectivity. Other impurities, in contrast, have a
negative intluence.

US 20090060818 Al claims a method for preparing TCS
by reaction of silicon with HCI, or STC with hydrogen in the
presence of silicon and catalysts. Examples of the catalyst
used are Fe, Cu, Al, V, Sb or compounds thereot. Silicon and
catalysts are laminated with one another and commainuted
prior to the reaction. The etl

ects of direct contact between
s1licon and catalyst include a distinct reduction 1n the vield
of byproducts, thereby increasing the TCS selectivity.
U.S. Pat. No. 5,871,705 A proposes a method for prepar-
ing TCS by reaction of silicon with hydrogen chloride,
comprising the contacting of at least one silane compound
selected from the group consisting of dichlorosilane (DCS),
monochlorosilane (MCS) and monosilane, with silicon, dur-
ing or belore the reaction between silicon and hydrogen
chloride. Silicon 1s therefore contacted with a silane com-
pound in order to remove the oxide layer on the silicon
surface and hence to raise the reactivity toward HCI. Also
disclosed 1s the conduct of the reaction between the silicon
and hydrogen chloride 1n the presence of a catalyst with
catalytic activity for the preparation of TCS from silicon and
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hydrogen chloride, and of an alkali metal compound. This
suppresses the reaction to give STC, and therefore raises the
TCS selectivity.

WO 2006031120 Al describes a method for preparing
TCS by reaction of S1 with HCI gas at a temperature between
250 and 1100° C. and a pressure of 0.1-30 atm 1n a fluidized
bed reactor, 1n an agitated bed reactor, or 1n a fixed bed
reactor, wherein the S1 supplied to the reactor contains less
than 100 ppm of Mn. The use of mg-S1 with more than 100
ppm of Mn or addition of Mn to the reactor leads to lower
reactivity and TCS selectivity.

For determining the yields of the TCS synthesis, the usual
approach to date has been to condense and then analyze the
chlorosilanes present in the reactor offgas. This type of
oflline analysis, e.g., oflline gas chromatography (GC), takes
up a fair amount of time and 1s prone to error on account of
the differences 1n condensability of the sample constituents.
With this methodology, moreover, 1t 1s not possible to
determine the fractions of H,, N, and HCI.

WO 2010135105 Al discloses a method for analyzing
gases 11 a method for preparing high-purity silicon, 1n which
a gas or gas mixture comprising one or more of the gases 1n
the H,, SiH,, H,S1Cl, HS1Cl,, H,S1Cl,, HCI, S1Cl, and N,
group 1s exposed to the radiation of a Raman spectrometer
in order to give a Raman signal for each of the gases present
and to analyze these signals 1n order to ascertain the pres-
ence and concentration of any one of the gases present. The
possibility for simultaneous measurement of chlorosilanes,
and also H,, N, and HCI, by means of Raman spectroscopy
1s viewed as an advantage for rapid intervention in the
processes for the deposition of polysilicon and for the
conversion of STC to TCS.

WO 2011026670 A2 discloses a method for controlling a
plant for the preparation of polycrystalline silicon, 1n which
the plant comprises at least one reactor having at least one
teed line and one offtake line for a gas mixture, the method
characterized by the following steps:

samples for measurement are taken from the feed line and

the offtake line of each reactor:;
the samples for measurement that are taken are supplied,
cach via a line, to at least one gas chromatograph:;

measurement values obtained using the gas chromato-
graph and relating to the composition of the measure-
ment samples supplied are used to derive control sig-
nals; and

the control signals obtained, by means of a controlling and

regulating unit, are used to adjust, via actuating ele-
ments, a multiplicity of parameters of the at least one
reactor 1n such a way that the efliciency of the plant 1s
guided automatically to a production optimum.

It has emerged that the methods described i WO
2010135105 Al and 1n WO 2011026670 A2 are disadvan-
tageous when used to analyze gas streams from silane
syntheses. It has been observed that particles are deposited
on the measuring cells or on optical components. Cleaning
the measuring equipment has not been able to provide a
remedy, since the particles are evidently abrasive particles
which may damage the components.

It has also been ascertained that there are alterations in the
background of the spectra and there 1s a continuous loss in
intensity of the signals, and that these factors make analyti-
cal evaluation more diflicult or else impossible. In the case
of gas chromatography, there were 1nstances of blocking 1n
lines and valves, and also of unwanted reactions with the
separation medium in the column of the gas chromatograph.

The problems which have been observed 1n the prior art,
such as depositions on or damage to components, losses 1n
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intensity of the spectra, instances of blocking or reaction
with separation medium, do not occur 1n the method of the
invention. The mventors assume that the problems in the
prior art are caused by depositions of AICl; and/or dust
particles. The resublimation of AICI, on colder points of the
measuring apparatus (e.g., of the optical components) would

appear to lead to a continuous loss of intensity of the signals
and to further alterations in the Raman spectrum, which
would no longer permit reliable evaluation.

The problems described gave rise to the objective of the
invention.

SUMMARY OF THE INVENTION

The invention 1s directed to a method for analyzing the
composition of a gas or gas stream comprising AlCI; 1n a
chemical reactor, comprising the removal of AICl, from the
gas and the subsequent analysis of the gas by means of gas
chromatography or spectroscopy.

The invention 1s also directed to a method for preparing
chlorosilanes 1n a fluidized bed reactor having a reactor
height HO, in which supplied HCIl reacts with silicon,
characterized in that a temperature profile 1n the fluidized
bed reactor 1s greater than S1(H/HO)=(al-b1)*(1/(1+exp(-
c1((H/HO)-d1))))+b1l and less than S2(H/HO)=(a2-b2)*(1/
(1+exp(—c2((H/HO)-d2))))+b2, where al=100° C., a2=300°
C., b1=300° C., b2=400° C., c1=50, c2=20, d1=0.2, d2=0.8.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a suitable apparatus for implementing the
method.

FIG. 2 shows the TCS concentration 1n the analyzed gas
as a function of time.

FIG. 3 shows vertical temperature profiles according to
the invention in the fluidized bed reactor.

FIG. 4 shows the TCS concentration in the analyzed gas
as a function of time 1n the case of a fluctuating temperature
profile 1n the upper and lower regions of the reactor.

FIG. 5 shows the TCS concentration 1n the analyzed gas
as a function of time 1n the case of a largely stable tem-
perature profile in the upper and lower regions of the reactor.

FIG. 6 shows the TCS concentration 1n the analyzed gas

as a function of time, and the effect of a discharge of catalyst
materal.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

L1

Such gases or gas streams comprising AICI3 are produced
in particular 1n the synthesis of chlorosilanes or organochlo-
rosilanes, as for example 1n the preparation of trichlorosilane
(TCS) by reaction of mg-S1 with HCI, the reaction of mg-Si1
with silicon tetrachloride (STC) and hydrogen and/or HCI,
and also 1n the synthesis of methylchlorosilanes by reaction
of mg-S1 with methyl chloride.

The inventors have recognized for the first time that the
vertical temperature profile over the entire reactor height, in
other words including the temperature profile in the gas
space above the fluidized bed, 1s important for the operating
regime, whereas the prior art (ci. US 20110297884 Al)
controlled only one of a number of temperature measure-
ment points 1n the reactor, namely that situated at the upper
end of the fluidized bed.

The data obtained by a method for analyzing the compo-
sition of a gas or gas stream comprising AlCl,, comprising
removal of AICl, from the gas and subsequent analysis of the
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gas by means of gas chromatography or spectroscopy, and
relating to the composition of the gas or gas stream, are
preferably used for establishing the temperature profile in
the fluidized bed reactor.

With the stated methods for the analysis of the composi-
tion of a gas or gas stream, mg-S1 1s employed as a starting,
material. Commercially available mg-S1 contains up to
several 1000 ppmw of aluminum. At least part of the
aluminum 1s consumed by reaction at a temperature ol more
than 300° C. with HCI and/or chlorosilanes to give AlICI,.
Since AICI, sublimes at a temperature of more than 180° C.,
it 1s 1n gaseous form 1n the reaction product at the reactor
outlet.

Provision 1s made to remove AICI, from the gas before the
composition of the gas 1s analyzed. The removal of the AICI,

1s accomplished preferably by absorption on sodium chlo-
ride. Through formation of a double salt (NaAICl,), AlCI, 1s

removed efliciently from the gas stream, without further
alteration to the composition of the gas stream. Particulate
solids 1n the gas stream can also be removed at the same
time.

For the analysis of the gas mixture, in combination with
the absorption unit for AICI,, it 1s possible to use the
common online analytical techmiques, such as GC and IR
and Raman spectroscopy. Raman spectroscopy 1s particu-
larly preferred for utilization in the analysis of the compo-
s1t10m.

The data obtained from the analytical technique are used
preferably for the control of reactors for preparing chlorosi-
lanes and/or organochlorosilanes, preferably for controlling
a reactor for the direct synthesis of trichlorosilane by reac-
tion of metallurgical silicon with HCI.

The invention enables rapid and reliable determination of
the composition of the reaction offgas and the alteration of
reactor parameters and operating parameters in order to
influence the reaction outcome.

Reactor parameters and operating parameters are prefer-
ably altered on the basis of the gas analyses 1n such a way
as to increase the yield of the reaction product.

Reactor parameters and operating parameters are prefer-
ably altered on the basis of the gas analyses 1n such a way
as to increase the conversion rate of a reactant.

Reactor parameters and operating parameters are prefer-
ably altered on the basis of the gas analyses 1n such a way
that the space-time yield 1s optimized.

One or more reactor parameters and operating parameters
are preferably altered on the basis of the gas analyses.

Particularly preferred 1s the specification of a form of a
temperature profile and temperature ranges 1n the reactor on
the basis of the gas analyses.

Particularly preferred is the direct coupling of one or more
of the reactor parameters and operating parameters with the
Raman spectrometer (online analysis with process control).

It 1s also preferred to combine the discharge of catalyst
material with Raman measurements 1n such a way and to
specily and/or control the time profile of the discharge on the
basis of the gas analyses.

The gas analysis may yield data on selectivity, reactivity,
HCI1 conversion, and DCS content, and allows these param-
cters to be influenced directly by a change 1n process.

Preferred embodiments of the invention are elucidated
hereinatter.

Raman Spectrometer

The laser light of the spectrometer 1s guided to the Raman
probe via an optical waveguide, and i1s focused after the
probe.
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At the focal point, inelastic Raman transitions specific to
the gas under measurement are induced i the form of
scattered light.

A collecting optical unit 1s integrated into the probe, and
guides the Raman scattered light to the spectrometer via a
turther optical waveguide.

In the spectrometer, the Raman scattered light 1s imaged
by a grating monochromator onto an area array camera. The
Raman transitions specific to the gas under measurement are
represented, 1n dependence on the Raman shiit, as intensities
in a spectrum.

The grating monochromator 1s configured so as to 1mage
a Raman shift of =21 cm-1 to 4417.5 cm-1 1n the spectrum.

A dark measurement 1s conducted once a day. The result
obtained 1s a dark spectrum, which 1s subtracted automati-
cally from the Raman spectrum in order to eliminate the
clectronic noise of the camera in the spectral data.

For each measurement, excitations of the cosmic radiation
are removed from the spectral data.

The Rayleigh radiation of the laser 1s minimized by means
of notch filters both in the probe and in the spectrometer.

The section of the probe 1n which the notch filter 1s seated
1s cooled.

The duration of a measuring cycle 1s transmitted by
process solftware to communication soitware, which opens
the laser shutter in the spectrometer for the mandated
measuring time.

The spectral data are evaluated preferably as follows:

After one measuring cycle has elapsed, Raman transitions
specific to the gas under measurement are evaluated from
the Raman spectrum.

The 1nelastic transitions are present as intensity peaks 1n
the spectrum.

Both the height of the peaks and the area integral are
dependent on the number of the molecule-specific transition
rate and the concentration ol a component 1n the gas under
measurement.

The area integral 1s calculated for the signals reported 1n
Table 1.

The area integrals obtained are calibrated according to
techniques familiar to one skilled in the art.

TABLE 1
Component Raman shift (cm-1)
TCS 253
H, 354
Sapphire 416
STC 424
TCS 496
TCS 588
Sapphire 748
TCS 813
DCS 2248
TCS 2261
N, 2329
HCI 2884
H, 4127
H 4145
H> 4157
Sapphire 4367
Sapphire 4397

As an alternative to the online analysis by means of
Raman spectroscopy, an online GC with upstream salt filter
has been tested successtully.
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The mnvention 1s further elucidated herematter by FIGS.
1-6.

List of Reference Symbols Used

A flmdized bed reactor

B particle separator

C particle filter

D salt filter

E measuring cell for Raman spectrometer

F thermocouple

G control unit

H cooling rods

I cooling jacket

a measuring signals from the reactor (e.g., pressures;
temperatures)

{ measuring signals of the thermocouple F

1 silicon supply
2 HCI supply

3 product gas line to particle separator B

4 product gas line to filter C

5 shutoil valve to interrupt the re-entry of particles from
the particle separator B

6 heated bypass line to salt filter D

7 heated line to measuring cell E

8 heated return of the measuring gas into the product

9 product gas line to further treatment

Process Control

For the automatic monitoring of the plant it 1s useful to
provide a withdrawal element for measurement samples in
the exit line of each reactor 1n the plant.

For the analysis of the measuring sample taken, at least
one Raman spectrometer 1s assigned to the plant.

FIG. 1 shows a corresponding apparatus.

The measuring sample 1s taken 1deally at the reactor exat,
preferably after the particle separator B, more preferably
alter turther particle filters C.

The measuring sample can be supplied via a heated line
6 to the measuring unit E of the Raman spectrometer.

The measuring sample can be supplied via a heated line
6 to an interposed unit D for the removal of AICl, from the
chlorosilane-containing oflgas stream.

From there, the AICl,-free offgas 1s supplied preterably
via a heated line 7 to the measuring umt E of the Raman
spectrometer.

It 1s economical and therefore particularly preferred for
the measuring gas from the measuring cell of the Raman
spectrometer to be returned to the process again at a suitable
point (line 8).

It 1s expedient to heat the lines 6, 7 and 8 at up to 300° C.
Particularly preferred are 100 to 250° C.

It 1s advantageous to regulate the flow rate and the
pressure in line 6.

It 1s also useful to equip line 8 with an antibackflow
device.

The measuring unit E comprises a housing with a mea-
suring cell of the Raman spectrometer and with further
particle filters.

The interior of the housing, and also the fittings located
inside 1t, can be heated at up to 200° C. Particularly preferred
are temperatures between 100 and 150° C.

The measuring cell 1deally comprises a solid stainless
steel block which 1s equipped with a dedicated heating
means.

The measuring probe 1s accommodated 1n this measuring,
cell. The measuring gas 1s passed through the measuring
cell. Pressure and temperature of the gas under analysis are
captured in the measuring cell.
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Unit D preferably comprises a container, which contains
solid sodium chloride 1n a loose bed, and which can be
heated at up to 250° C.

The AICI;-containing offgas of the reactor tlows through
the bed of NaCl, with the AICI, dissolving in the NaCl and
therefore being eflectively removed from the oflgas.

Under the temperature conditions selected, the compound
formed from AICI, and NaCl 1s liquid and can be collected
in a collecting vessel beneath the container, and removed.

The removal 1s very eflective, since there was no observ-
able deposition of AICl, 1n downstream systems.

Control unit G collects information and uses it to control
the shutoil valve 3, the cooling performance of 1, the cooling
performance of H, other parameters at A, the silicon supply

1, and the metered HCI {eed 2.

EXAMPLE 1

In this example, the method of the invention 1s contrasted
with a conventional weekly analysis by means of oftline GC.

The gas under measurement was analyzed with a Raman
spectrometer.

A laser with a wavelength of 532 nm and a power of 150
mW was used.

FIG. 2 shows the results. The concentration of TCS 1n the
gas under measurement was determined i each case. The
advantages of the online analysis are obvious.

EXAMPLE 2

A temperature profile can be determined by means of a
thermocouple 1nstalled vertically into the reactor, with tem-
perature sensors.

FIG. 3 shows examples of vertical temperature profiles of
the 1invention 1in the fluidized bed reactor.

The reactor height (normalized) 1s plotted on the ordinate,
the temperature on the abscissa.

A preferred form 1s that of an S-curve (sigmoid curve):

S(H/HOY=(a—b)*(1/(1+exp(=c((H/HO)—-d))) }+b

With a reactor height normalized to one, an arbitrary
temperature profile can be described unambiguously by way
of four vanables (Tmin, Tmax, inflection point, and slope).

a=T(min), b=T(max), c=slope, d=intlection point

Preferred ranges of a, b, ¢ and d:

120<a<250° C., 300<b<400° C., 20<c<100, 0.2<d<0.8.

Particularly preferred ranges of a, b, ¢ and d:

200<a<250° C., 330<b<380° C., 20<c<50, 0.3<d<0.6.

In the context of the invention, the Raman signal 1s
utilized 1n order to vary the selectivity by adjustment of the
temperature profile.

The temperature profile that 1s the most favorable 1n each
case 1s dependent on other parameters and 1s therefore not
necessarily the same for a particular selectivity.

It 1s necessary to take account of the fact that further
parameters, such as differential pressure, amount of HCI,
composition of the catalyst material, particle size distribu-
tion, or combinations of these parameters, for example, have
an influence.

The composition of the catalyst material and the respec-
tive particle size distribution of a given point 1n time are
unknown, and there 1s no suitable online analysis in exis-
tence for these.

An examination by means of online Raman 1s therefore
mandatory 1 order to allow direct monitoring of the
changes.
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The eflects on the temperature profile:
As described 1n DE 2704975 Al 1t 1s expedient to have

available not only jacket cooling but also cooling of the
fluidized bed by inserted cooling lances.

The temperature profile can be adjusted by regulating
jacket cooling and rod cooling, by means, for example, of
adapting the quantities of coolant and/or the temperature of
the cooling medium.

Preference 1s given to subdividing the cooling jacket into
at least two zones, which can be regulated selectively.

Different lengths of cooling rods (at least two different
lengths) with preferably targeted controlling of the quanti-
ties of coolant and/or of the temperature of the cooling
medium are used in order to be able to selectively set
temperatures at specific heights.

The temperature profile may also be influenced, further-
more, by the height of the fluidized bed.

The temperature profile can be influenced by varying the
HCI1 supply. This relates both to the amount of HCI and to
the location of the feed.

The temperature profile can be influenced by varying the
flow rate in the reactor.

The temperature profile can be modified by changing the
particle size/particle size distribution.

FIG. 4 shows temperature profiles at different heights in
the reactor and also the TCS content from Raman data.

It 1s apparent from this that a change in the temperature
has a direct influence on the selectivity.

The temperature 1s preferably regulated via the reactor
height.

In this way 1t 1s possible to influence the reaction zone by
the control of the temperature at different heights.

FIG. 5 shows temperature profiles at different heights in
the reactor and also the TCS content from Raman data.

It 1s clear that the stabilization of the temperature leads to
stabilization of the selectivity.

[

EXAMPLE 3

It 1s known that the flow rates which prevail in the
fluidized bed reactor extract particles from the fluidized bed
and entrain them with the product gas stream, meaning that
they are lost.

As a consequence of this, fluidized bed reactors are
customarily equipped with particle separators, which pass
unused material back into the reactor. The particle separators
may be mounted 1n the reactor and also outside.

Depending on the technical configuration, the particle
separators remove particles of certain sizes, to allow them to
be passed back to the reactor. Smaller particles pass through
the particle separator and must be removed from the product
gas stream by means of filters, for example.

In the course of the reaction of metallurgical silicon with
hydrogen chloride, there 1s an accumulation over time of
heavy metals 1n the form of their chlorides and of relatively
unreactive material in the reactor. At the same time, as a
result of the chemical reaction, there 1s a change 1n the
particle size distribution of the material introduced. Exces-
sive accumulation of heavy metals and of relatively unre-
active material can lead to an influence on the reactivity and
the selectivity, and 1t 1s therefore undesirable from an
economic standpoint. It may be necessary from time to time,
therefore, to remove such material (referred to as catalyst
material) from the fluidized bed reactor. Timely intervention,
however, 1s not possible, owing to a lack of appropnate
online analysis of the chemical composition of the reactor
contents and of the particle size distribution.
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FIG. 6 shows the time profile of the TCS content from
Raman data. The time at which discharge of catalyst material
was commenced 1s shown.

It 1s evident that the discharge of catalyst material leads to
an icrease 1n the selectivity.

The discharge may be accomplished by means, for
cxample, of a separate outlet, as described 1 US
2012189526 Al, for example. A disadvantage with this
technique, however, 1s that 1t makes no distinction between
“000d” and “bad” material, and so the material 1s appropri-
ately subjected to a further workup step 1n order to minimize
s1licon losses.

Since the heavy metals form primarily as chlorides on the
surface of the S1 particles 1n the case of the chemical reaction
of metallurgical silicon with HCI, these particles accumulate
as a result of continual grinding processes of the silicon
particles with one another, preferentially, to smaller par-
ticles, or themselves form extremely fine particles, which
below a certain size are able to pass through the particle
separator and hence are no longer discharged back into the
reactor.

It would therefore be conceivable to optimize the particle
separator to a defined particle size in such a way that the
maximum possible number of highly contaminated particles
leave the reactor, but at the same time the maximum amount
of unconsumed matenal 1s discharged back 1nto the reactor.

Since, however, on the industrial scale, materials
employed are generally materials from different manufac-
turers, containing different levels of impurities, the “opti-
mum’ particle size described above may vary.

It 1s therefore usetul to optimize the particle separator for
a defined particle size fraction and, i unwanted eflects
occur, to increase discharge even of other particles which
would normally be returned.

The online monitoring of the selectivity and the HCI
slippage, for example, leads to goal-oriented and event-

based discharge times and to the duration of the discharge,
in order to minimize losses of “good” material.

The mnvention claimed 1s:

1. A method for analyzing the composition of a gas or gas
stream comprising AlCIl; exiting a fluidized bed chemical
reactor having a reactor height HO 1n which HCI reacts with
S1 forming chlorosilanes, comprising removing AlCI, from
the gas or gas stream, subsequently analyzing the gas or gas
stream by means of on-line gas chromatography or spec-
troscopy, and employing the results of analyzing the gas or
gas stream to establish or modily a temperature profile 1n the
reactor as a function of reactor height by changing at least
one reactor operating parameter, wherein the temperature
profile 1n the flmdized bed chemical reactor having a reactor
height HO, 1s above S1(H/HO)=(al-b1)*(1/(1+exp(-c1((H/
HO)-d1))))+bl and below S2(H/HO)=(a2-b2)*(1/(1+exp
(-c2((H/HO0)-d2))))+b2, where al=100° C., a2=300° C.,
b1=300° C., b2=400° C., c1=50, ¢2=20, d1=0.2, and d2=0.8.

2. The method of claim 1, wherein the silicon comprises
metallurgical grade silicon.

3. The method of claim 1, wherein removing AlCl,, from
the gas or gas stream 1s accomplished by absorption on solid
sodium chloride.

4. The method of claim 1, further comprising removing,
particulate solids as well as A1C1; from the gas or gas stream.

5. The method of claim 1, wherein the gas or gas stream
1s analyzed by Raman spectroscopy, gas chromatography or
IR spectroscopy.
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6. The method of claim 1, wherein the analysis of the gas
or gas stream determines at least one of the concentrations
of HCI, N,, H,, or one or more chlorosilanes 1n the gas or
gas stream.

7. The method of claim 1, wherein the data obtained from
analysis of the gas controls the fluidized bed temperature
profile of the chemical reactor.

8. The method of claim 7, wherein the reactor 1s a
fluidized bed reactor 1n which trichlorosilane 1s prepared by
reaction of metallurgical grade silicon with HCI.

9. The method of claim 8, wherein analysis of the gas 1s
used to change one or more operating parameters so as to
optimize one or more variables selected from the group
consisting ol chlorosilane yield, trichlorosilane selectivity,
HCI conversion rate, and space-time yield.

10. The method of claim 1, wherein the analysis of the gas
or gas stream 1s used to modily temperatures in the reactor
and temperature profile as a function of a reactor height.

11. The method of claim 1, wherein analysis of the gas
determines a time for discharge of catalyst material.

12. A method for preparing chlorosilanes 1 a fluidized

bed reactor having a reactor height HO, 1n which HCI reacts
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with silicon, comprising establishing a temperature profile in
the fluidized bed reactor which 1s above S1(H/HO)=

(al-b1)*(1/(1+exp(-c1((H/HO)-d1))))+b1 and below S2(H/
HO)=(a2-b2)*(1/(1+exp(-c2((H/HO)-d2))))+b2, where
al=100° C., a2=300° C., b1=300° C., b2=400° C., c1=50,
c2=20, d1=0.2, and d2=0.8.

13. The method of claim 12, further comprising removing
AlCl; from a product gas stream and analyzing the product
gas stream by on-line gas chromatography or spectroscopy
to obtain data on the composition of the product gas stream,
and adjusting the temperature profile of the reactor from the
data to optimize production of a desired chlorosilane prod-
uct.

14. The method of claim 13, wherein AICI; 1s removed
from the gas stream by contacting solid sodium chlornde
forming a liqud adduct of sodium chloride and aluminum
chloride, and collecting the liquid adduct 1n a collecting
vessel below a container 1n which the solid sodium chloride

20 1S contained.
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